Objective: To determine the incidence and factors associated with diffuse basal ganglia or thalamus hyperechogenicity (BGTH) in preterm infants.
Background
Basal ganglia or thalamus hyperechogenicity (BGTH) has been reported in 0.3-2.5% of neonates and 5.1-32% of preterm infants screened by neurosonogram. [1] [2] [3] [4] [5] [6] [7] BGTH can be detected as either diffuse hyperechogenicity 5 or linear or fine punctuate hyperechoic foci 4, 6, 7 in the region of the basal ganglia and the thalamus during routine neurosonogram in neonates.
Basal ganglia or thalamus hyperechogenicity may be caused by a variety of conditions including infection, hemorrhage, hypoxicischemic insult, hypoglycemia, infarction, calcifications, vascular lesions, or chromosomal anomalies. 1, 2, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Basal ganglia hemorrhage results from periventricular hemorrhagic infarction or hemorrhagic necrosis. In preterm infants <28 weeks, diffuse caudate hemorrhage is difficult to differentiate from hemorrhage in the germinal matrix over the body of the caudate nucleus (grade I). 9 Ischemia of the basal ganglia occurs following profound hypotension or circulatory arrest, producing a wedgeshaped hyperechoic lesion 10 or diffuse hyperechogenicity. 23 Transient diffuse (<7 days) hyperechogenicity of the basal ganglia may be due to ischemia 23 or edema. Variations in the orientation of the basal ganglia relative to the ultrasound beam can produce preferential hyperechogenicity in one plane (anisotropy). Therefore, hyperechogenicity must be seen in two orthogonal planes in order to confirm its presence. 25 The characteristics predisposing preterm infants to develop diffuse BGTH versus linear or fine punctuate BGTH have not been clearly described. In Leijser's 5 series of 39 preterm infants with BGTH, 38 had diffuse bilateral hyperechogenic 'haze'. These patients were predominantly very preterm infants with complicated course and all had periventricular lesions (periventricular leukomalacia (PVL) or germinal matrix/intraventricular hemorrhage (GMH/IVH)). In contrast, several studies reported predominantly linear or fine punctate hyperechoic foci. [4] [5] [6] [7] Two retrospective multivariate analyses have been conducted, one showing an association between lenticulostriate vasculopathy and high-dose magnesium sulfate, 14 and the other one showing increased odds for thalamic vessel hyperechogenicity with increasing GA, large size for date, breech presentation, and seizures. 6 Since patients with BGTH observed in our neonatal intensive care (NICU) have predominantly diffuse lesions, we sought to determine the factors associated with diffuse BGTH. The aims of this study were (1) to compare the perinatal characteristics of neonates with diffuse BGTH with those of matched controls using logistic regression analysis, and (2) to assess the frequency of the various entities causing BGTH by serial US, MRI, and/or CT scan.
Methods

Patient population
We included in this study all in-born preterm infants <34 weeks gestational age (GA) Characteristics of the flow pattern were analyzed by measuring the arterial pulsatility index, the ratio of pulsatility index (lenticulostriate artery:ipsilateral carotid artery) and the peak velocity of the thalamic veins.
CT and MRI examination
In our NICU, all infants diagnosed with parenchymal lesions on neurosonography undergo MRI and/or CT scans before discharge. All infants diagnosed with BGTH underwent MRI and/or CT scans, accordingly. The timing of the scan was at the discretion of the attending neonatologist, once the patient was assessed as clinically stable for safe transport for these radiologic studies. Routine MRI scanning was performed using a Philips 1.5 TESLA Gyroscan NTIntera with T1 and T2-pulse sequences. CT scans were performed using spiral CT technique in a GE HiSpeed CT/i. Both MRI and CT readings were completed independently by two neuroradiologists (JR and JB), who were blinded to the results of the neurosonograms and patient outcomes.
The presumed diagnosis of BGTH in preterm infants was assessed by combining ultrasound and CT/MRI criteria, agreed upon by both ultrasonographers and neuroradiologists, which were predetermined before initiating the study (Table 1) . Case-control study All 25 infants with diffuse BGTH diagnosed during the 21-month period served as the cases for this case-control study. Since all these infants survived until discharge, control infants were selected by matching cases with three neonates of the same GA group, born at Weiler Hospital and who had the nearest date of birth, did not have BGTH and survived to discharge.
Chart review
The maternal and perinatal history, postnatal characteristics, and neonatal interventions were retrospectively reviewed. Information recorded included HIV and cytomegalovirus (CMV) status, drug abuse, and phenobarbital administration in pregnancy, pregnancyinduced hypertension, hydrops fetalis, in utero transfusion, multiple pregnancy, twin-to-twin transfusion, systemic lupus erythematosus, sialidosis, chorioamnionitis (maternal fever during labor >38.51C, uterine tenderness, maternal or fetal tachycardia, maternal leucocytosis), prolonged rupture of membranes (PROM) (rupture of membranes >12 h), placental abruption, antenatal steroid use, mode of delivery, total intrapartum dose of magnesium, resuscitative measures, Apgar scores at 1 and 5 min, perinatal asphyxia, clinical risk index for babies (CRIB) scores, birth weight, GA, small size for age, gender, congenital hypothyroidism, and congenital anomalies. Acquired neonatal medical problems were also reviewed, for example, hypotension, use of indomethacin before the US, respiratory distress syndrome (RDS), duration of respiratory support (artificial ventilation, continuous positive airway pressure (CPAP), oxygen), duration and severity of hypocapnea and hypercapnea, hypoglycemia (blood glucose level <40 mg/dl), hypoxia, respiratory failure (the need for high-frequency oscillator (HFO) or high-frequency jet (HFJ) ventilation when the mean airway pressure (MAP) was >10 cm H 2 O or PaCO 2 >80 mm Hg despite conventional mechanical ventilation on maximal settings), apnea or bradycardia for at least 5 days, meningitis, encephalitis, sepsis, head trauma, bilirubin encephalopathy, seizures, and length of stay.
Protection of human subjects
This study was reviewed and approved by the Institutional Review Board of Montefiore Medical Center. Informed consent from the parents was obtained for Doppler studies.
Statistical methods and sample size Statistical analysis was performed using SPSS version 13 (SPSS Inc, Chicago, IL, USA) and sample size was performed using Sample Power version 2 (SPSS Inc, Chicago, IL, USA). Analysis of the frequency of BGTH by GA group was performed using Kruskal-Wallis (w 2 for trend), with a P-value of <0.05 considered as significant. Given the large number of variables for a relatively small sample size, statistical analysis for this case-control study was carried out in two steps. First, we conducted univariate analyses of each variable. We used Student's t-tests or Mann-Whitney tests for numerical variables, and Fisher's exact tests for frequencies. Next, we entered into a logistic regression analysis all variables with a P-value<0.10 in the univariate analysis, and then removed any variable for which there was evidence for multicollinearity, and one variable at a time until all variables had a P-value<0.05. Odds ratios with their 95% confidence intervals were obtained using a P value<0.05 as significant. Adequacy of the model was checked using the HosmerLemeshow goodness-of-fit statistic.
Sample size of the case-control study was calculated to yield a power of 0.80 for detecting a three-fold difference in rate of severe IVH between the two groups using a two-tailed Fisher's exact test with an alpha error of 0.05. Prior analysis from the preceding epoch showed that the rate of severe IVH among patients with BGTH (44%) was three times as high as in other patients in the NICU (13%). From the NICU database, we knew that 25 babies had BGTH from 7/2000 until 3/2002. A sample size of 100 (three matched controls per patient) would yield a power of 86% of detecting a three-fold difference in severe IVH.
Results
Incidence and sonographic characteristics of basal ganglia or thalamus hyperechogenicity (Tables 2 and 3 ) Basal ganglia or thalamus hyperechogenicity had been diagnosed in 25 of 289 infants (8.6%), at a median age of 6 days (range 1-82 days). Diffuse BGTH was diagnosed in 24 infants ( Table 2 ). The incidence of diffuse BGTH was inversely related to GA group (P<0.01). Diffuse BGTH was predominantly unilateral and located in the caudate nucleus (Table 3) . It was associated in half the patients with a grade 1-2 IVH and in the other half with a grade 3-4 IVH. Linear hyperechoic lesions of the caudate nucleus were observed in a single 30-week GA infant with congenital cytomegalovirus infection. No infant was diagnosed with cystic PVL (CPVL).
Informed consent was obtained in 14 patients with diffuse BGTH and 5 controls, but Doppler was not technically possible in five Basal ganglia hyperechogenicity LM Soghier et al patients because of severe anatomic disruption due to grade 4 IVH. Color Doppler flow imaging was obtained in nine patients with diffuse BGTH, including one with unilateral BGTH and one whose hyperechogenicity had already resolved at the time of the Doppler study. None of these infants was receiving high-frequency oscillation (HFO) at the time of the Doppler study. In seven patients with unilateral diffuse BGTH the median pulsatility index, the ratio of pulsatility index, and the peak velocity of the thalamic vein on the side of the lesion were not significantly different from the corresponding values on the other side or from that in five controls (Table 4) . Values in one patient with bilateral diffuse BGTH and in one patient with resolved unilateral diffuse BGTH were similar to the above.
Case-control study
Univariate analysis (n ¼ 96 infants) showed that more infants in the diffuse BGTH group were boys, received vasopressors for systemic hypotension, HFO for respiratory failure, and developed hypoglycemia and severe IVH. Infants with diffuse BGTH had longer duration of artificial ventilation than those in the control group (Table 5 ). Other variables did not reach statistical significance. One patient in the BGTH group had maternally transmitted HIV antibodies, but did not develop HIV infection. Logistic regression analysis showed that diffuse BGTH was significantly associated with five variables: use of HFO for respiratory failure (P ¼ 0.031), severe IVH (P ¼ 0.004), use of vasopressors for hypotension (P ¼ 0.040), hypoglycemia (P ¼ 0.031), and male gender (P ¼ 0.014) (Figure 1) .
Assessing hypocapnea as a potential factor for brain hypoperfusion Since HFO was significantly associated with diffuse BGTH, we raised an alternate hypothesis, that is, that this association could have been mediated by decreased cerebral perfusion resulting from hypocapnea during high-frequency ventilation, rather than by the severity of respiratory distress. For this purpose, the severity and duration of hypocapnea was quantified by plotting pCO 2 over time and measuring the area under the curve under the threshold of 25 mm Hg (associated with cerebral hypoperfusion), as described previously. 27 Among 16 infants treated with HFO, 13 infants had no episode with pCO 2 <25 mm Hg, and the median area under the curve was minimal (0 min Â mm below 25 mm Hg, range 0-42 min Â mm).
CT/MRI reading for basal ganglia or thalamus hyperechogenicity cases All patients with BGTH received CT/MRI scans or both. Ten had CT scans only, 12 had MRI scans only, and three had both CT and MRI scans done. The median number of days between the last positive neurosonogram and the date of CT/MRI scan was 7 days (range 1-45 days, quartiles 4-18 days). On initial reading of the CT/MRI, 15 patients were diagnosed with basal ganglia or thalamus hemorrhage and eight with ischemic infarction; the single patient with normal basal ganglia and thalamus on CT is the one who had transient hyperechogenicity on ultrasonography. Among the 24 patients with diffuse BGTH, 19 had a blinded reading of the CT/MRI, and of these 17 (including the one with transient hyperechogenicity) had normal basal ganglia and thalamus on CT/MRI scans, one was diagnosed with hemorrhagic infarction, and 1 with ischemic infarction. 
Discussion
In this study, we report on the incidence of BGTH in preterm infants, the comparison between US and CT or MRI findings, and the associated clinical characteristics in those infants using multivariate analysis. Diffuse BGTH occurred in 8.3% of infants <34 weeks, which is within the previously reported range. 5 Our study has several limitations. First, this was in large part a small retrospective study in a single NICU. Therefore, we could not assess causality, but only associations. Real differences in rare events could have been missed due to small sample size, and the results may be in part related to our population (43% Hispanics, 33% Black, 12% White, 3% other), prenatal events and type of care provided. In our series we found no association between BGTH and intrapartum high-dose magnesium (X50 g): only two infants had been exposed to such a high dose, versus 30 infants in Mittendorf's series.
14 Second, in our study, MRI and CT scan were most often obtained later than the neurosonogram, thereby possible explaining the higher incidence of negative results on CT or MRI when compared to earlier neurosonograms. The sensitivity of neurosonography appears good in detecting basal ganglia infarction. 28 Ideally, MRI and neurosonogram should be obtained on the same day in all preterm infants during the period of the study. At the time of the study, MRI-compatible transport isolettes
were not yet commercially available. Nevertheless, previous authors, using 7.5-MHz transducers, also reported that most lesions of the basal ganglia and thalamus seen on neurosonography did not have CT or MRI correlates. 16, 29 Third, there was not sufficient follow-up data in patients and controls to permit a valid analysis. Our study suggests that diffuse BGTH is not associated with anomalies of local cerebral blood flow pattern. First, in patients without grade 4 IVH our preliminary Doppler results were normal. Second, patients on HFO did not have significant hypocapnea to levels previously associated with cerebral hypoperfusion and CPVL. In Wiswell's series 27 surviving patients with CPVL had more hypocapnea assessed by the area under the curve under the threshold of pCO 2 of 25 mm Hg on the first day than survivors without CPVL (1.60±2.42 (mean±s.d.) h Â mm, versus 0.57±1.03, P ¼ 0.035). 27 In our series, the area under the curve was small (median 0 min Â mm, range 0 to 42), with a maximum value that was less than that in controls in Wiswell's series, suggesting that the association of BGTH with HFO was not related to hypocapnea in our series.
In our series, diffuse BGTH was associated with low GA, and multivariate analysis showed an association with male gender, respiratory failure requiring HFO, hypoglycemia, and severe IVH. Similarly, in Leijser's 5 series, the 39 patients with diffuse BGTH had lower GA than controls, were more likely to be males, to have apneas and/or bradycardias and/or cyanosis for 5 days or more, and had longer duration of artificial ventilation and of CPAP; in addition, all patients with BGTH had concomitant periventricular pathology (including GMH/IVH and PVL). The frequency of BGTH in Leisjer's series, 39/359 (11%) in infants <35 weeks of GA and 37/143 (26%) in those <32 weeks GA, was similar to ours. These data on diffuse BGTH contrast with studies on linear or punctate BGTH, which corresponds to hyperechogenic lenticulostriate vessels. In Paczko's study, 6 hyperechogenicity of thalamic vessels was associated with increasing GA and birth weight, breech presentation and seizures. In Mittendorf's post hoc analysis of the MagNET trial (randomized magnesium administration for preterm labour at >24 and <34 weeks), 14, 15 lenticulostriate vasculopathy (linear BGTH) was associated with placental funisitis and IVH using univariate analysis, and with high-maternal dose of magnesium (X50 g) using multivariate analysis. Linear or punctuate BGTH, although often associated with lenticulostriate vasculopathy (with basophilic deposits in arterial walls, perivascular infiltrates and mineralizing coagulative necrosis), 1, 11 may occur in the absence of pathologic vascular or perivascular anomalies. 30 Whether immunologic factors (in infants of HIVinfected mothers in the absence of perinatal HIV infection) or hyperviscosity (in recipients from twin-to-twin transfusion syndrome) 24 may contribute to lenticulostriate vessel hyperechogenicity remains to be determined.
The prognosis of BGTH may not be uniform and may depend on the distribution of hyperechogenicity, the etiology and the presence of associated brain lesions. Unfortunately, in our study there was insufficient follow-up data in patients and controls to permit a valid analysis. In Leijser's series, diffuse BGTH was associated with anomalies in neurological exam at term but normal outcome at one year of age. 5 In contrast, patients with linear BGTH often have abnormal muscle tone at 6 months if the lesion is isolated, 16 but are at high risk for adverse neurodevelopmental outcome and in particular cognitive and behavioral performance at 18 months. 4 Some of those patients had adverse neurodevelopmental outcome, while others developed tics and attention deficit-hyperactivity disorder (ADHD) in childhood. 4, 31 Patients with BGTH due to a vascular accident involving the middle cerebral artery often have cerebral palsy and global delay, especially if the process involves the whole territory of the artery. 10 Preterm infants with BGTH associated with severe PVL or with brain lesions due to congenital CMV infection have poor prognosis. 32, 33 One study of full-term infants with neonatal encephalopathy has shown that basal ganglia lesions detectable on MRI are more likely than occipital lesions to predict poor visual function up to school age. 34, 35 In summary, in our series of preterm infants with GA<34 weeks, BGTH was observed in 8.6%, was predominantly diffuse and was significantly associated with lower GA, respiratory failure requiring HFO, severe IVH, use of vasopressors for hypotension, hypoglycemia, and male gender. Our results are similar to those reported by Leijser et al., 5 who reported good prognosis at 1 year. In contrast, many other authors reported that neonatal BGTH was predominantly hyperechogenicity of the lenticulostriate vessels, which has very different epidemiologic characteristics and poor prognosis. In conclusion, our data provide further evidence to suggest that these two types of BGTH may correspond to different entities. Additional studies are required to determine the pathophysiology and long-term outcome of these two types of BGTH.
